Pigment patterns of organisms have invoked strong interest from not only biologists but also, scientists in many other fields. Zebrafish is a useful model animal for studying the mechanism of pigment pattern formation. The zebrafish stripe pattern is primarily two types of pigment cells: melanophores and xanthophores. Previous studies have reported that interactions among these pigment cells are important for pattern formation. In the recent report, we found that the direct contact by xanthophores induces the membrane depolarization of melanophores. From analysis of jaguar mutants, it is suggested that the depolarization affects the movements of melanophores. To analyze the cell movement in detail, we established a unique in vitro system. It allowed us to find that WT xanthophores induced repulsive movement of melanophores through direct contact. The xanthophores also chased the melanophores. As a result, they showed run-andchase movements. We also analyzed the cell movement of pigment cells from jaguar and leopard mutants, which have fuzzy stripes and spot patterns, respectively. jaguar cells showed inhibited run-and-chase movements, and leopard melanophores scarcely showed repulsive response. Furthermore, we paired mutant and WT cells and showed which of the melanophores and xanthophores have responsibility for the altered cell movements. These results suggested that there is a correspondence relationship between the cell movements and pigment patterns. The correspondence relationship highlighted the importance of the cell movements in the pattern formation and showed that our system is a quite useful system for future study in this field.
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M
any animals have characteristic patterns on their surface, and the mechanism by which these patterns are formed has been studied for a long time. Quite different patterns are often found in closely related species (1, 2) . The mechanism by which various patterns are generated from similar machinery is an interesting issue. The mechanism has been approached using both mathematical and biological methods. Previous mathematical analyses have suggested that the skin pattern is generated by a reaction-diffusion system (3) (4) (5) , which was originally proposed by Turing (3) . A simulation based on the reaction-diffusion system reproduced not only the final patterns but also, the dynamic process of pattern formation in fish (6) . In the reaction-diffusion system, periodic patterns autonomously emerge from mutual interactions between hypothetical diffusible factors. By tuning the interactions, the reaction-diffusion system is capable of generating different patterns (5, 7) .
However, to prove that the reaction-diffusion system really underlies the pigment pattern formation, the mechanisms that occur at the cellular and molecular levels need to be elucidated. Pigment patterning mechanisms have been extensively studied in zebrafish over the past two decades (1, 6) . The zebrafish skin pattern consists of arranged melanophores (black pigment cells) and xanthophores (yellow pigment cells) ( Fig. 1 A and B) . Mutants that lack either melanophores or xanthophores do not exhibit an apparent pattern, whereas a chimera between these mutants exhibits a normal stripe pattern (8, 9) . It suggested that interactions between melanophores and xanthophores play a major role in the pattern formation.
In zebrafish, there are many pigment pattern mutants. Some of the responsible genes of these mutants have been identified by positional cloning (10) (11) (12) (13) . Despite the expectation of finding diffusible ligands, which correspond to the diffusible factors in the reaction-diffusion system, none of these genes encode diffusible factors. The responsible genes include many membraneassociated proteins, such as connexin, potassium channels, and receptors. These genes suggested that direct contacts between pigment cells play a significant role in patterning. In the previous study, we harvested cells from zebrafish fins and observed that the contact by xanthophores induced the membrane depolarization of melanophores. We found that jaguar melanophores, which were constitutively depolarized, showed different cell movement from WT; jaguar mutants have broader and fuzzy stripes, which are quite different from WT. From these results, we assumed that the difference in the cell movement in direct cell interactions is responsible for various pigment patterns.
In this study, to analyze the contact-induced cell movement of the pigment cells, we established a unique protocol to harvest fin pigment cells selectively. This protocol enabled us to analyze the cell movement statistically in the controlled condition. We analyzed the cell movement of pigment cells from jaguar and leopard mutants and showed that there is correspondence relationship between the cell movement and pigment pattern. Furthermore, we paired mutant and WT cells and analyzed which of the melanophores and xanthophores have responsibility for the altered cell movements. These analyses suggested that gene mutations
Significance
The periodic pigment patterns of organisms, such as spots and stripes, have suggested the presence of a mathematical system generating the patterns. The most famous one is the reactiondiffusion system. Although the system explains the pattern formation well, the biological substances corresponding to the diffusive factors in the system have not been elucidated. Here, we observed the behavior of zebrafish pigment cells in vitro and found that WT cells showed run-and-chase movement in the direct interaction, whereas the pattern mutant cells showed different cell movement. These results suggested that gene mutations affect the reaction-diffusion system by changing the cell movement, which corresponds to the interaction of diffusive factors in the reaction-diffusion system. generate various pigment patterns by alternating the cell movement, which is induced by direct cell interaction.
Results
Purifying and Culturing Pigment Cells from Zebrafish Fins. We first used density gradient centrifugation to separate pigment cells from other cells (14) . Because zebrafish pigment cells are quite vulnerable, we optimized the cell purification method to maintain viability, including optimization of the protease combination, digestion time and temperature, centrifuge conditions, dish coating, and culture media (Fig. 1C) . Consequently, the viability and purity of the pigment cells were remarkably improved (a detailed protocol is in Materials and Methods). One of the important variables of the protocol was the centrifugation speed. We found that centrifugation at more than 30 × g caused drastic and severe damage to the cells. Therefore, the cells should be centrifuged at less than 30 × g. Another critical factor was the serum concentration. When pigment cells were cultured in serum-free medium, the cells attached very well to the bottom of the dish, although the cells showed little movement. We found that even 1% FBS severely reduced the number of attached cells ( Fig. 1 D and E) . Therefore, we used serum-free medium (L15 medium) for harvesting cells and added serum immediately before observation.
Cell Movement Induced by Contact Between Xanthophores and
Melanophores. We exchanged the medium 24 h after cell harvest to induce pigment cell movements. Melanophores and xanthophores moved in random directions. Between the same type cells, they did not show an obvious interaction response (Movies S1 and S2). However, between xanthophores and melanophores, an interesting interaction was observed ( Fig. 2A and Movie S3). Xanthophores actively extended pseudopodia to neighboring melanophores, and melanophores moved to avoid the pseudopodia. The xanthophores then extended pseudopodia and chased the melanophores.
In our previous study, we observed that a weak repulsive response of melanophores was triggered by contact with xanthophores (15) . In this system, we found that the interaction was not a simple repulsive response but a more active and continuous run-and-chase movement. The run-and-chase movement was quite similar to the exclusive movement of melanophores in vivo (16) . The similarity between these movements suggested that the cell movement observed in vitro was related to pattern formation in vivo.
However, we observed the run-and-chase movement only between xanthophores and melanophores that were paired by chance when pigment cells were spread as a mixture of xanthophores and melanophores. Therefore, to analyze cell interaction in a controlled condition, we isolated single pigment cells and transferred them to another dish (Fig. 2B) . Using this method, we could arrange the cells as we liked and analyze the interactions in a controlled condition without interference from other cells (Fig. 2C) . In this condition, the run-and-chase movement was observed similarly as in the mixed culture ( Fig. 2D and Movie S4). Hereafter, we analyzed cell movement using this system. Using this system, we observed the pseudopodia during interaction. We harvested pigment cells from the transgenic fish, which have a mitfa promoter-driving EGFP-caax transgene. The cell movement is expected to be the same as in WT, because the fish have WT stripe pattern. In these fish, all melanophores and some xanthophores expressed the membrane-targeted EGFP. During interaction, the xanthophore extended many pseudopodia to the melanophore. The pseudopodia kept contact with the surface of the melanophore (Fig. 2E and Movie S5). It suggested that the repulsive signal from xanthophores and the attractive signal from melanophores were transmitted through direct contact.
Statistical Analysis of Cell Movement.
To analyze the cell movement statistically, we generated a migration profile by making the rose diagram from cell movements every 4 h (Fig. 3 A-F and Fig. S1 ). This profile presents the percentage of the cell movements in the direction of the fan. We analyzed the movement of isolated cells and three combinations of cells: melanophoremelanophore, xanthophore-xanthophore, and melanophorexanthophore.
First, a xanthophore or melanophore was isolated without any contact with other cells (Fig. 3 A and B) . Under these conditions, both xanthophores and melanophores moved randomly and changed direction frequently. We performed a Rayleigh test, which is commonly used to examine the uniformity of distribution of vector data (17) . The P values of the movements of xanthophore and melanophore were 0.67 and 0.20, respectively. Therefore, these cell movements did not have significant anisotropy. During migration, xanthophores were shrunken and rarely extended pseudopodia, whereas melanophores had a flattened, extended shape. Melanophores moved approximately three times faster than xanthophores. The mean scalar speeds of the xanthophores and melanophores were 0.64 and 2.02 μm/h, respectively. In our previous study, we traced the track of melanophores during pattern formation (16) . Melanophores moved 80-100 μm in 1 wk in vivo, which corresponds to 0.48-0.60 μm/h. Therefore, melanophores move three to four times faster in vitro than in vivo. We do not have precise data about the velocity of xanthophores in vivo. However, in vivo, xanthophores move much slower than melanophores. We assume that xanthophores also move faster in vitro than in vivo.
Second, we paired two xanthophores or two melanophores together to analyze interactions between the same types of cells ( Fig. 3 C and D) . The xanthophores became slightly more active, whereas the melanophores did not differ in motility from the isolated condition. The mean scalar speeds of melanophores and xanthophores under this condition were 0.96 and 2.03 μm/h, respectively. Xanthophores extended thin pseudopodia between the cells, whereas melanophores sometimes exhibited adhesive contact. In this condition, neither melanophores nor xanthophores showed obvious directed movements (Rayleigh test: xanthophore, P = 0.36; melanophore, P = 0.07).
Third, a xanthophore and a melanophore were paired together. The mean direction of the movement of the melanophore was away from the xanthophore, and the mean direction of the movement of the xanthophore was to the melanophore ( Fig. 3 E and F) . Both movements of xanthophores and melanophores had statistically significant anisotropy (P << 0.01; Rayleigh test). Xanthophores exhibited enhanced and directional movements (Fig. 3E) . The mean scalar speed of xanthophores was 1.60 μm/h, which was more than two times faster than in the isolated condition. The mean scalar speed of melanophores was 2.20 μm/h, which was comparable with the level in the isolated condition. This result suggested that the direction of the melanophores (but not the motility) was affected by contact with the xanthophore. Curiously, xanthophores moved in an anticlockwise direction with respect to the melanophores. Melanophores also moved in an anticlockwise direction with respect to xanthophores (Fig. 3 E and F) . Although we do not know why the direction of the xanthophore and melanophore movements was biased to the anticlockwise direction, the pair of cells often showed a trajectory of an anticlockwise spiral (Fig. 3 G and H and Movie S6). We speculate that the bias results from some intrinsic chirality of pigment cells. As shown here, xanthophores and melanophores showed distinctive movement only under the heterotypic interaction.
In Vitro Behaviors of Mutant Pigment Cells. These results suggested that the cell movement under the heterotypic interaction was intrinsic and key to pigment pattern formation. To examine whether this view is correct, we analyzed pigment cells isolated from pattern mutants. Here, we chose jaguar and leopard mutants, because these mutants had sufficient numbers of melanophores and xanthophores. The different patterns of these mutants are caused by differences in pigment cell arrangement. The mutants of jaguar have wider stripes than the WT (Fig.  4A) . As shown in a magnified image, the stripe borders were fuzzy, and melanophores and xanthophores were intermingled at the border (Fig. 4B) . We harvested pigment cells from jaguar mutants, arranged a melanophore and a xanthophore together as a pair, and analyzed the behavior of the cells. The migration profiles of jaguar pigment cells are shown in Fig. 4 C and D. The mean scalar speeds of jaguar xanthophores and melanophores were 1.01 and 2.02 μm/h, respectively. The movement of xanthophores to the melanophores was also severely inhibited (Fig. 4C) . Although the motility of jaguar melanophores was almost identical to the WT, the directionality of migration was inhibited (Fig. 4D) . In particular, the movement of melanophores away from the xanthophore was inhibited. In this mutant, melanophores moved around xanthophores rather than away from them ( Fig. 4E and Movie S7). We performed a Mardia-Watson-Wheeler test to compare the migration profile of WT and jaguar (17) . The movements of melanophores of WT and jaguar showed statistically significant difference (P << 0.001), whereas xanthophores did not show significant difference (P > 0.10).
Because both of the pigment cells exhibited altered movement, it was unclear which pigment cell was responsible for the altered interaction. Next, we paired a mutant cell with a WT cell. First, we paired a WT melanophore and a jaguar xanthophore (Fig. 4 F-H and Movie S8). The mean scalar speeds of xanthophores and melanophores were 1.91 and 2.57 μm/h, respectively. In this pair, the pigment cells exhibited run-and-chase movements similar to a WT pair. In contrast, a jaguar melanophore and a WT xanthophore pair showed inhibited run-and-chase movements (Fig. 4 I-K and Movie S9). These results suggested that the jaguar mutant had a defect in melanophores. It is consistent with a previous report that the induction of responsible gene Kir 7.1 in jaguar melanophores recovered the WT stripe pattern (15) .
Second, we analyzed pigment cells from leopard. The leopard mutant has a spotted pattern instead of stripes (Fig. 5 A and B) . The boundary between these two cell types is as distinct as in the WT. The connexin 41.8 gene is a responsible gene of leopard (11) . When a leopard xanthophore contacted a leopard melanophore, the xanthophore actively extended pseudopodia to the melanophore. However, the melanophore did not move away from the xanthophore and rather, weakly moved to the xanthophore ( Fig. 5E and Movie S10). The migration profiles showed that the directionality of xanthophores and melanophores became obscure (Fig. 5 C and D) . The Mardia-Watson-Wheeler test showed that the directionality of leopard cell movements is significantly different from WT cells (xanthophore, P << 0.001; melanophore, P << 0.001). When a leopard xanthophore and a WT melanophore were paired, the leopard xanthophore extended pseudopodia to the melanophore but failed to chase the running melanophore. The WT melanophore showed normal escaping movements (Fig. 5 F-H and Movie S11). This result suggested that connexin 41.8 functions in xanthophore to move to the melanophore, whereas extension of pseudopodia was not affected by the defect of connexin 41.8.
When we placed a WT xanthophore and a leopard melanophore together, both cell movements were inhibited (Fig. 5 I-K and Movie S12). No melanophore repulsive response or xanthophore chasing movement was observed. This result suggested that melanophores also required connexin 41.8 in response to the touch by xanthophores. These experiments showed that the expression of connexin 41.8 is necessary in both the melanophore and the xanthophore for normal run-and-chase movements.
A previous report showed that the expression of connexin 41.8 in leopard melanophores recovered stripe pattern, but the stripe was narrower than WT. However, expression of connexin 41.8 in both melanophores and xanthophores recovered the WT stripe pattern (18) . These results suggested that both the repulsive response of melanophores and the chasing response of xanthophores of run-and-chase movements are necessary for WT stripe pattern formation. Although the behavior of leopard pigment cells implied that connexin 41.8 is necessary for directed cell movement, future studies are required to elucidate the molecular mechanism of connexin 41.8 in this function. As shown above, in vitro cell movements in heterotypic interactions were altered in the pattern mutants (Fig. S2 shows summarized data) . It suggested that there is a corresponding relationship between the pigment cell movement and the pigment pattern.
Discussion
Although pigment cell interaction has been suggested to play an important role in pigment patterning (16, 19) , the details of the interaction remained to be elucidated, because an appropriate system for observation did not exist. In this report, we established a unique protocol to harvest pigment cells and observe them in vitro. This in vitro system enabled us to observe cell movement in detail. We found a unique cell interaction (runand-chase movement) between WT melanophores and xanthophores. In the heterotypic interaction, xanthophores extended pseudopodia to melanophores, and melanophores showed a repulsive response to the pseudopodia. The xanthophore then extended pseudopodia and chased the running melanophore ( Fig. 2 A, D , and E). It should be noted that these interactions are mediated by the direct contacts ( Fig. 2E and Movie S5). The interaction resulted in the exclusion of melanophores by xanthophores, which could explain the mechanism by which black and yellow regions are distinctly segregated on the skin of fish.
We also found that the pigment cells from pattern mutants exhibited different cell movements from WT cells. The results are summarized in Fig. S2 . The difference in movement suggested a corresponding relationship between the cell movement and pigment patterning. In jaguar pigment cells, the repulsive response of melanophores was inhibited compared with WT (Fig. 4 C-E) . The inhibited repulsion also inhibited the chasing movement of xanthophores. We assumed that the inhibited runand-chase movement caused the incomplete segregation between xanthophores and melanophores, which resulted in the fuzzy stripes (Fig. 6) .
In leopard pigment cells, the repulsive response was hardly observed (Fig. 5 C-E) . In leopard fish, melanophores are scattered as small groups. It is assumed that run-and-chase movement functions to gather melanophores through repulsive response. Additionally, our previous report showed that a small group of melanophores was eliminated by the surrounding xanthophores (19) . These mechanisms could explain why leopard has spot patterns (Fig. 6) .
In previous studies, several genes that are responsible for pattern mutants have been detected. However, the mechanisms by which these gene mutations cause the pattern phenotypes have not been resolved. The corresponding relationship between the cell movement and pigment patterning sheds light on the functions of these responsible genes in pigment patterning. If the pigment pattern is determined by the cell movement induced by direct interactions, the gene mutation can alter the pigment pattern by changing the cell movement. Therefore, it leads to two open questions for additional study. What molecular mechanism At the initial condition, the pigment cells intermingle. In WT, melanophores are segregated to the outer region by the run-and-chase movement. Xanthophores remain in the inside region, because xanthophores move slower than melanophores. In the jaguar mutant, some melanophores are segregated to the outer region, but other melanophores remain intermingled with xanthophores because of the inhibited run-and-chase movement. In the leopard mutant, segregation hardly occurs, and some melanophores are gathered spontaneously. Too small groups of melanophores are eliminated by surrounding xanthophores.
controls the cell movements during interaction? What mechanism of the altered cell movement results in the altered patterns? There are many models of pattern formation. One of the widely accepted models is a morphogen gradient model, where the diffusive factor forms a gradient pattern and the cells respond depending on the concentration of the factor. The specific patterns are formed by the difference in the cell differentiation or the selective cell elimination. Although these mechanisms can generate stripe or spot patterns, our proposed model is completely different in that cells themselves move actively to form patterns through mutual interactions. We assume that similar active pattern formation would be found in other systems than pigment pattern. For example, we should note that the repulsive response of pigment cells evokes the repulsive response in axon guidance. Our study also indicates the importance of cell interaction in the local environment. In multicellular organisms, cells are always surrounded by other cells. Therefore, the local cell interaction should have important roles in forming and maintaining patterns. Our in vitro system using primary culture will be quite useful for the analyses of these interactions in the future.
Materials and Methods
Zebrafish Stocks. The following zebrafish stocks were used: jaguar b230 and leopard
t1
. The zebrafish mutant strain jaguar b230 was obtained from the Johnson Laboratory, and the zebrafish mutant strain leopard t1 was obtained from the stock center of the Max-Plank Institute. The WT Danio rerio fish used were not from an established line. The fish were maintained under standard laboratory conditions (20) and treated following the Osaka University guidelines.
Harvest and Culture of Pigment Cells from Zebrafish Fins. Pigment cells were harvested from adult zebrafish ∼4 cm long. The fish were anesthetized with 0.4% Tricaine, and the tail and anal fins were removed and dissected into ∼3-mm squares. The dissected fins were shaken with 1 mL trypsin solution [2.5 mg/mL trypsin (TRL; Worthington), 1.2 mg/mL BSA (Sigma), 1 mM EDTA in PBS] at 1,000 rpm for 60 min at 28°C. After washing five times with PBS, the fins were shaken with collagenase solution [1 mg/mL collagenase I (CLS-1; Worthington), 0.1 mg/mL DNase I (DP; Worthington), 0.1 mg/mL soybean trypsin inhibitor (SI; Worthington), 1.2 mg/mL BSA in PBS] at 1,000 rpm at 28°C. The cell suspension was filtrated using a 22-μm mesh and then gradient-centrifuged with 50% Percoll (Sigma) at 30 × g and 28°C. The pellet was resuspended in serum-free L15 (Gibco) medium and spread onto a collagen IV-coated 96-well dish.
Pigment Cell Manipulation. A filtrated cell suspension was obtained as described above and then centrifuged at 30 × g without Percoll. The cell pellet was suspended in L15 medium containing 1% FBS, and the cells were then transferred onto an agar-coated dish. The pigment cells were transferred using a glass capillary into another dish coated with collagen IV (mouse; BD), which was then filled with serum-free L15 medium. Pigment cells were paired according to the analysis.
Time-Lapse Recording of Cell Behaviors and Migration Analysis. At 24 h after spreading, the medium was changed to L15 medium containing 10% FBS by exchanging one-half of the volume of the medium. The behavior of pigment cells was recorded using time-lapse microscopy every 10 min for 48 h at 30°C. Recorded pictures were integrated as Movies S1-S12. Cell movements were analyzed every 4 h. The center of each cell was defined as the position of the cell. The dataset for each condition was obtained from 12 cells (n = 12), and data for 12 time points for each cell were recorded. The anisotropy of cell movements was analyzed with the Rayleigh test. The comparison of cell movements of WT and mutants was with the Mardia-Watson-Wheeler test. Details of the analysis of cell movement are explained in Fig. S1 .
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